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S^telf  Inerical  calculations,  «i«ch  would  aUow  one  to  maintain  a  constant  nnpedance 
through  a  coaxial  urudpper,  while  keeping  the  peak  field  low. 


place. 


Let  us  begin  now  with  a  simple  explanation  of  why  such  a  balun  is  necessary  in  the  fimt 
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n.  The  Challenge  of  a  Single-Ended  Source 

There  are  basically  two  challenges  we  may  associate  with  a  single-ended  source.  First,  the 
field  is  arranged  so  that  that  it  cannot  be  radiated  efficiently.  The  radiated  field  on  boresight  for  a 
transient  antenna  is  proportional  to  the  integral  over  the  aperture  distribution  [1].  For  a  coaxial 
geometry,  this  integral  is  exactly  zero,  due  to  symmetry  considerations  (Figure  2.1).  Thus,  a 
Hiffftrptnt  geometry  is  required,  so  a  balun  must  be  used. 


Figure  2.1.  Electric  fields  in  a  coaidal  geometry.  Note  that  the  integral  over  the  aperture  oiEy  is 

zero  by  symmetry. 


A  second  difficulty  with  a  coaxial  geometry  involves  the  excitation  of  the  common  mode 
on  the  antenna,  which  decreases  antenna  effidency.  Consider  the  structure  shown  in  Figure  2.2, 
which  shows  a  coaxial  cable  that  feeds  a  TEM  horn.  The  exterior  geometry  consists  of  three 
conductors,  the  exterior  of  the  cable  and  the  two  plates  of  the  TEM  horn.  These  three  conductors 
can  support  two  distinct  modes,  a  differential  mode  and  a  common  mode.  The  charges  and 
electric  fields  associated  with  each  of  these  modes  is  shown  in  Figure  2.3. 

The  differential  mode  is  the  mode  that  is  desirable  for  radiation,  since  it  sets  up  a  potential 
difference  between  the  plates  of  the  TEM  horn.  The  common  mode  is  essentially  lost  energy,  and 
it  radiates  in  the  wrong  direction.  Thus,  we  wish  to  minimize  the  energy  in  the  common  mode  as 
much  as  possible.  This  is  the  second  reason  why  baluns  are  necessary  for  tWs  problem. 
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m  The  Importance  of  Keeping  the  Feed  Impedance  Low 

Before  bmlding  a  balun,  we  must  first  give  some  thought  to  the  impedance  at  which  we 
build  the  balun.  The  output  of  this  class  of  sources  can  be  as  low  as  4-5  £1.  Antennas,  on  the 
other  hand,  tend  to  have  an  input  impedance  of  100-400  £1.  The  impedance  at  which  a  balun  is 
constructed  can  have  a  significant  effect  on  the  level  of  coupling  to  the  common  mode. 

Let  us  consider  now  a  highly  oversimplified  equivalent  circuit  for  the  configuration  of 
Figure  2.2.  The  equivalent  circuit  is  shown  in  Figure  3.1,  and  it  assumes  the  coupling  to  the 
Hififerential  mode  and  common  mode  can  be  modeled  by  a  simple  resistance.  (In  fact,  the 
impedance  is  a  more  complicated  function  of  fi-equency,  but  we  can  still  obtain  useful  information 
with  a  simple  model.)  To  achieve  the  best  eflBciency,  the  impedance  of  the  common  mode  should 
be  large  with  respect  to  the  impedance  of  the  differential  mode.  Furthermore,  the  impedance  of 
the  differential  mode  should  be  matched  to  the  feed  cable. 


Figure  3.1.  Equivalent  circuit  of  the  common  and  differential  modes. 


We  can  use  this  model  to  infer  certain  characteristics  of  a  balun.  First,  it  is  advantageous 
to  keep  the  differential-mode  impedance  low  in  the  transition  re^on.  The  impedance  of  the 
common  mode  is  typically  200-300  Q.  Thus,  one  would  like  the  differential  mode  impedance  to 
be  low  compared  to  this.  It  is  for  this  reason  that  we  recommend  trying  to  maintain  the 
impedance  somewhere  below  50  £I  within  the  transition  re^on.  Note  that  this  applies  equally 
well  to  the  unzipper  balun  shown  in  Figure  3 .2. 

The  circuit  model  of  Figure  3.1  also  provides  insight  into  the  factors  affecting  the  outer 
radius  of  an  unapper  balun.  One  can  increase  the  common-mode  impedance  by  reducing  the 
exterior  diameter  of  the  feed  cable.  Of  course,  when  high  voltages  are  involved  this  will  have  to 
be  traded  off  against  the  dielectric  strength  of  the  material  filling  the  cable.  Note  that  a  more 
detailed  analysis  of  the  coupling  to  the  common  mode  could  be  obtained  using  the  ideas  in  [2]. 
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Figure  3.2.  The  coaxial  uimpper  balun. 


The  model  of  Figure  3.1  also  provides  insight  into  where  to  locate  the  feed  cable  in  a 
reflector  IRA,  One  might  consider,  for  example,  feeding  a  reflector  IRA  by  running  a  cable  up 
through  the  center  of  the  feed  as  shown  on  the  left  in  Figure  3.3.  However,  wiA  this  arrangement 
the  common  mode  impedance  is  quite  low,  since  the  cable  is  dose  to  the  conical  arms.  A  better 
arrangement  (with  higher  common-mode  impedance)  would  be  to  have  the  cable  approach  the 
feed  fi-om  behind,  as  shown  on  the  right  in  Figure  3.3.  A  third  an-angement,  with  the  feed  cable 
actually  attached  to  one  of  the  feed  arms  is  also  possible  [3],  and  it  might  be  better  than  the  either 
of  the  two  configurations  shown  in  Figure  3.3,  since  no  common  mode  could  exist.  But  this 
would  have  a  possible  disadvantage  of  disturbing  the  conical  geometry  of  the  feed  arms  near  the 
apex,  where  it  is  most  critical. 
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Figure  3.3.  Possible  feed  arrangements  for  reflector  IRA.  The  feed  on  the  left  is  less  desirable 

because  its  common-mode  impedance  is  lower. 


Thus,  we  have  seen  that  we  can  reduce  coupling  to  the  common  mode  by  keeping  the 
impedance  of  the  line  low  in  the  region  of  a  transition.  One  gets  the  same  effect  by  keeping  the 
common-mode  impedance  large  by  using  a  small  radius  conductor.  Note  that  one  can  also  use 
ferrites  or  a  ferrite/dielectric  sandwich  to  increase  the  common-mode  impedance,  and  this  will  be 
treated  in  another  paper  [4].  Nevertheless,  it  makes  sense  to  reduce  as  much  as  possible  the 
requirements  on  the  ferrite,  since  the  behavior  of  ferrites  at  fest  risetimes  and  high  field  strengths 
remains  somewhat  new  and  unexplored. 
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IV*  Optimization  of  Coaxial  Cable  Characteristics 

We  review  here  the  electrical  characteristics  of  coaxial  cable.  In  doing  so,  we  optimize  the 
cable  impedance  in  order  to  achieve  maximum  power  transfer,  for  a  given  outer  cable  radius  and 
maximum  electric  field.  The  configuration  is  shown  in  Figure  4.1. 


dielectric,  Sf. 

electric 

conductor 


Figure  4.1.  A  coaxial  geometry. 


The  characteristic  impedance  of  a  coanal  geometry  is  expressed  as 


2c 


— ^=ln(i/a) 
In^Sr 


(4.1) 


where  fg  is  the  geometric  factor  and  Zg  =  ^^0  /  Sq  is  the  impedance  of  fi'ee  space.  The 
maximum  electric  field  in  the  coaxial  geometry  occurs  at  the  center  of  the  geometry,  and  is  equal 
to 


V  _  V  hla 
■  oln(J/o)  "  Jln(»/o) 


(4.2) 


From  (4. 1)  we  can  express  the  ratio  of  the  outer  to  inner  radius  in  terms  of  the  geometric  factor  as 

h  ^  (4.3) 

a 


Substituting  into  (4.2),  we  find  the  maximum  field  as 
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(4.4) 


^max 


^Infg'yfs^  Y 
2nfg4^  b 


We  find  it  convenient  to  express  the  above  in  terms  of  a  normalized  electric  field,  so 


^max 


r-norm 


=  E 


norm 


h 

2xfg.Je“ 


(4.5) 


This  form  makes  it  particularly  convenient  to  find  the  maximum  field  in  a  coaxial  geometry.  We 
plot  the  normalized  field  as  a  function  of  impedance  in  Figure  4.2  for  €/.  —  I  and  for  —  2,2. 

We  now  wish  to  find  the  characteristic  impedance  that  maximizes  the  peak  power  for  a 
given  peak  electric  field.  The  assumption  here  is  that  when  a  certain  field  level  is  reached, 
breakdown  occurs.  We  therefore  define  a  figure  of  merit  that  relates  the  peak  electric  field  to  the 
square  root  of  the  power  on  the  line,  for  a  given  radius  of  the  line.  Thus,  our  figure  of  merit  is 

The  figure  of  merit  rj  is  unitless,  and  it  is  plotted  in  Figure  4.3  as  a  function  of  impedance  for 
=  1  and  for  -  2.2.  Note  that  the  maxima  in  this  figure  of  merit  occur  near  =  30  Q  for 
£•;.  =  1  and  Zc  =  20  n  for  =  1.  This  suggests  that  a  good  choice  for  maximizing  the  peak  power 
transferred  through  an  utmpper  type  balun  filled  with  SFg  =  1)  would  be  about  30  fl.  Note, 
however,  that  the  peak  in  this  function  is  quite  broad,  so  the  exact  impedance  is  not  critical.  Note 
also  that  one  might  optimize  with  respect  to  average  field  instead  of  peak  field,  as  we  have  done 
here. 
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V.  Dielectric  Strength  of  Materials 

For  many  of  the  materials  we  might  consider,  there  are  simple  laws  for  desOTbing  its 
dielectric  strength.  However,  these  laws  are  of  lirmted  utility  for  three  reasons.  First,  these 
scaling  laws  were  typically  derived  for  longer  pulse  durations  than  those  of  iriterest  here  (300  ps  - 

1  ns).  It  is  therefore  imclear  how  well  they  will  extrapolate  to  faster  risetimes.  Second,  these 
laws  are  derived  for  single-shot  operation,  while  we  will  often  be  interested  in  repetitive  operation 
(perhaps  as  fast  as  1  kHz).  Finally,  these  scaling  laws  were  derived  for  the  purposes  of  a  spark 
gap  in  a  source,  not  for  the  large  area  of  a  transmission  line.  These  considerations  should  be  kept 
in  niind  as  we  describe  the  data  available  for  various  media. 

A.  OU 

The  best  data  we  have  concerning  breakdown  of  oil  is  provided  by  Lany  Rinehart  of 
Sandia  National  Laboratories  [5].  He  relates  that  the  output  section  of  SNIPER  is  a  50  Q  coaxial 
geometry  in  flowing  oil  with  a  one-inch  outer  diameter,  and  supports  a  250  kV  pulse  lasting  for 

2  ns,  with  a  repetition  rate  of  1  kHz  [6].  No  breakdown  is  observed  when  the  oil  is  flowing, 
however,  if  the  oU  is  still,  breakdown  does  occur.  This  corresponds  to  a  peak  field  strength  of 
550  kV/cm.  This  suggests  that  we  can  support  a  1  MV  pulse  with  a  50  £1  cable  of  diameter 
4  inches  or  10  cm. 

Note  that  the  SNIPER  pulse  lasts  for  2  ns,  and  in  some  cases  one  may  be  interested  in  a 
shorter  pulse.  For  faster  pulse  durations,  one  might  scale  the  peak  electric  field  sustdnable  as 
where  is  the  pulse  duration  at  63%  of  the  peak.  We  note,  however,  that  there  is  no 
data  yet  available  to  confirm  this  scaling  for  such  fast  pulse  durations,  so  it  may  be  a  bit  optimistic 
to  take  full  advantage  of  this  scaling  law.  If  we  did  take  that  effect  into  account,  then  a  pulse  of 
300  ps  length  could  be  tolerated  at  a  1.9  times  the  field  strength  of  a  2  ns  pulse.  In  other  words,  if 
a  cable  can  support  a  2  ps  pulse  at  a  voltage  then  ^  can  support  a  300  ps  pulse  at  a  voltage 

of  1.9 

Another  method  of  estimating  the  dielectric  strength  of  oil  is  to  use  the  standard  formula 
for  static  breakdown  of  ofl.  We  spoke  with  Ian  Smith  [7],  who  recommended  using  the  standard 
formula,  and  then  reducing  the  maximum  field  by  a  factor  of  four  to  allow  for  the  1  kHz 
repetition.  The  standard  formula  is  [8] 

^max  <  0-48  (51) 

where  -Emax  1^  the  maximum  electric  field  in  MV/cm,  is  the  duration  of  the  pulse  in  ps  at  63% 

of  the  maximum,  and  A  is  the  area  in  cm^  of  the  center  conductor.  The  above  rule  applies  to  the 
worst-case  where  the  center  conductor  is  positive.  If  the  center  conductor  has  negative  polarity, 
the  field  can  be  higher  by  a  factor  of  2^^,  or  1.4.  The  area  of  the  center  conductor  is  just 

A  -  1mA  (5.2) 
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where  /is  the  length  of  the  tranation,  and  a  is  the  radius  of  the  center  conductor. 

As  an  example,  let  us  assume  we  are  designing  for  a  50  cable  with  im  outer  diameter  of 
6  =  5  cm  and  a  length  off  *  100  cm.  Recall  that  for  a  50  Q  coax  line  in  oil,  bla  =  3.44,  so  we 
have  a  =  1  46  cm,  and  »  791  cm^.  We  also  assume  the  pulse  lasts  for  0,3  ns,  or  0.0003  ps. 
Using  (1),  we  find  we  must  keep  <  4.35  MV/cm  in  order  to  avoid  breakdown  in  smgle-shot 
mode  Using  Smith’s  rule  of  allowing  only  one-fourth  the  normal  breakdown  field  for  repetitive 
mode,  we  can  support  1.1  MV/cm.  This  result  is  similar  to  that  obtained  by  extrapolatmg  Larry 
Rinehart’s  data  (above),  so  it  seems  reasonable. 


B.  Polyethylene 

Since  standard  cables  are  often  bmlt  with  polyethylene,  ^s  material  is  also  of  interest. 
Again,  some  of  the  best  available  data  comes  firom  verbal  discussions  with  Larry  Rmeh^ 
concerning  tests  on  an  RG-220  line.  This  line  was  pulsed  for  1.3  milUon  shots  at  10  Ife  with  a 
300  kV  pulse  of  duration  460  ns  FWHM.  Note  that  RG-220  <^le  has  a  one-mch  outer  diameter 
and  is  filled  with  polyethylene.  This  generates  a  peak  electric  field  on  the  center  conductor  of 
about  660  kV/cm.  This  is  comparable  to  the  dielectric  strength  of  flowing  oil,  as  calculated 

above. 

Note  that  the  testing  at  Sandia  reported  by  Rinehart  never  went  as  far  as  actual 
breakdown,  since  they  were  using  the  largest  source  they  had.  Thus,  polyethylene  may  actually 
have  a  somewhat  higher  dielectric  strength  than  these  numbers  indicate.  Difficulties  were 
reported,  however,  at  the  connectors,  so  that  may  be  where  the  real  difficulty  lies. 

Note  also  that  polyethylene  has  the  property  that  it  can  deteriorate  over  time.  Thus,  one 
can  operate  in  a  region  below  breakdown  field  strengths,  and  still  have  a  part  fail  after  many  shots. 


C.  Gases 

The  standard  formula  for  gas  breakdown  is  [9] 

pr  =  97800  (5-3) 

where  p  is  the  gas  density  in  gm/cm^,  t  is  the  time  delay  to  breakdown  in  seconds,  and  E  is  the 
average  electric  field  in  kV/cm.  This  can  be  rearranged  into  another  form  as 

E  =  (97800 

The  gas  density  of  some  common  gasses  is  are  shown  in  Table  5.1.  This  values  have  to  be 
multiplied  by  the  pressure  of  the  gas  (in  atmospheres),  to  get  the  total  gas  density  at  high 

pressure. 
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Table  5.1.  Density  of  some  common  gases  at  1  atmosphere. 


Density  at 

Gas 

1  atmosphere  (gm/cm^) 

SFe 

6.5  X 10-3 

Hj 

0.089  X  10-3 

Nj 

1.25  xlO-3 

As  an  example,  consider  the  dielectric  strength  of  SFs  at  20  atm.,  which  is  about  as  high  a 

pressure  as  one  can  have  before  the  gas  condenses.  For  a  pulse  of  300  ps  duration,  we  find  we 
can  withstand  an  average  electric  field  of  3.9  MV/cm.  This  is  actually  somewhat  higher  than  what 
we  have  cal^^^at«^^  for  oil  or  polyethylene.  However,  for  those  cases,  we  attempted  to  conader 
the  effect  of  a  fest  repetition  rate.  In  this  case  we  have  no  adjustments  a^^able  for  repetition 
rate.  Note  that  an  alternative  approach  for  calculating  SFg  breakdown  is  in  [10],  however  the 

approach  we  use  here  is  more  recent. 

We  spoke  recently  with  Tom  Martin  [11]  concerning  SF6  breakdown,  and  effects  due  to 
repetition  rate.  He  suggested  that  a  mixture  of  sulfiir  hexafluoride  (20%)  and  air  could  have 
eighty  percent  of  the  dielectric  strength  of  pure  SF5,  at  lower  cost.  Furthermore,  if  one  has  to 
worry  about  recovery  times  of  the  gas  assodated  with  repetition  rates,  the  20%  mixture  has  a 
much  faster  recovery  time,  and  may  be  more  suitable  for  a  repetitive  environment. 
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VL  Bandwidth/Risetime  Considerations 

While  dielectric  breakdown  considerations  push  the  design  in  the  direction  of  large 
components,  bandwidth/risetime  considerations  push  the  design  in  the  direction  of  having  s^ 
components.  This  is  especially  true  of  a  design  that  must  preserve  a  risetime  m  the  range  of  100- 
200  ps.  Thus,  we  require  some  estimate  of  the  risetime  that  can  be  preserved  in  a  balun  such  u 
that  shown  in  Vigure  3.2.  We  consider  two  methods  of  calculating  this  effect.  First,  we  provide 
an  appronmate  model  derived  from  first  prindples.  Second,  we  compare  our  model  to  a  similar 
piece  of  hardware  that  has  already  been  built  and  tested. 

A.  Simple  theory  of  risetimes 

We  now  consider  a  simple  model  for  the  risetime  of  an  unzipper  balun,  by  comparmg  the 
lengths  of  the  shortest  and  longest  ray  paths.  This  technique  is  similar  to  one  used  ^Uer  by 
Baum  [12].  Consider  the  lengths  of  the  shortest  and  longest  ray  paths  through  the  balun.  The 
shortest  ray  path  is  just  the  length  of  the  unzipper,  t  The  longest  ray  path  is  approximately  the 
length  added  in  quadrature  to  half  of  the  outer  circumference  (Figure  6.1),  or 

^long  -  +(^*) 

=  f[l  +  Vi(n-*//)^]  ,  b«i 

The  difference  in  ray  path  lengths  is  just 

^  extra  ~  ^long 


2t 

This  distance  then  has  to  be  converted  to  units  of  time  for  a  particular  dielectric.  Thus  the  delay 
time  is 


tMcy  -  ^  ~  2tc 


(6.3) 


Finally,  we  must  determine  the  relationship  between  the  delay  time  and  the  risetime  the  structure 
can  support.  We  estimate  that  a  balun  can  tolerate  a  delay  time  equal  to  the  risetime  of  the  output 
pulse.  The  pulse  will  then  be  centered  at  one-half  the  delay  time,  and  no  ray  \wll  differ  from  the 
average  by  more  than  half  the  risetime.  Thus,  we  have  the  rule 


15 


(6.4) 


'r 


=  K 


Ic 


where  if  is  the  risetime  of  the  pulse.  Note  that  there  has  previously  been  some  speculation  that 

the  time  delay  through  a  balun  is  proportional  to  LP-H,  where  D  is  the  diameter.  The  rule  we  have 
derived  is  consistent  with  that  rule,  and  it  shows  why  the  rule  is  reasonable. 

As  an  example,  let  us  assume  we  must  maintain  a  pulse  of  150  ps  risetime  through  a  radius 
of  9  cm  in  SF^  with  e^-  1.  This  would  indicate  a  len^  of  88  cm  is  required  to  maintm  the 

risetime. 


Input  Cross  Section 
z-0 


Output  Cross  Section 
z-t 

O 


o 


Path  of  Longest  Ray 


Figure  6.1.  Geometry  for  tracing  the  longest  path  through  a  balun. 
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B.  The  ARES  Transition 

To  test  this  hypothesis,  and  in  particular,  to  check  the  proportionaUty  constant  K  from  the 
previous  section,  we  consider  data  available  from  the  ARES  EMP  test  fecUity,  in  Albuquerque. 
Pd  ARES  there  is  a  coaxial  unzipper  in  oil,  which  successfuUy  preserves  a  1  ns  nsetime 
(Figures  6.2  and  6.3)  [13].  The  transition  length  is  228  cm  and  the  radius  is  61  cm.  If  we  take  aU 
this  data  and  attempt  to  determine  the  value  of  AT  in  equation  (6.4),  we  find  a  vdue  of 
This  suggests  that  equation  (6.4)  is  conservative  by  a  factor  of  four.  In  other  words,  the  A^S 
transition  has  a  length  that  is  4  times  shorter  than  equation  (6.4)  requires,  and  still  succeeds  m 
maintaining  the  required  risetime.  Thus,  we  may  consider  equation  (6.4)  to  be  worst-case. 

It  must  be  remembered  that  our  model  in  equation  (6.4)  is  only  approximate.  However, 
even  if  the  constant  is  incorrect,  the  dependencies  upon  the  various  parameters  seem  reasonably 
An  approach  to  resolving  the  discrepancy  would  be  to  build  a  number  of  baluns  of  this  type,  and 
measure  the  frstest  risetime  that  can  be  sustained.  Li  future  work  we  will  try  to  do  this. 
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Figure  6.2.  Unfolding  of  the  outer  conductor  of  the  ARES  transition.  The  locations  shown  are  in 
inches  for  a  one-fifth  scale  model  of  the  actual  transition  as  built  at  ARES.  Note  that  the  plus 
signs  indicate  the  centers  of  the  arcs,  not  the  location  of  the  center  conductor.  Details  of  the 

center  conductor  are  shown  in  Figure  6.2. 
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Figure  6.3.  Transition  section  at  ARES.  Dimensions  in  parentheses  are  for  the  full-scale  device 
as  installed  at  ARES,  in  inches.  Dimensions  not  in  parentheses  are  for  a  one-fifth  scale  model, 

also  in  inches. 
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Vn.  Numerical  Calculations  of  the  Cross  Section 

We  consider  here  the  solution  of  a  problem  we  consider  to  be  typical.  We  \wsh  to 
maintain  a  50  Q  impedance  through  an  oil-filled  unzipper  section  with  a  radius  of  5  cm.  Note 
that  based  on  the  results  of  section  IV,  one  might  wish  to  use  a  somewhat  lower  impedance  for  an 
oil-filled  line,  if  optimal  power  transfer  is  required. 

The  analysis  is  performed  using  a  2D  finite  element  program  called  Maxwell,  from  Ansoft 
Corporation.  This  provides  an  adaptive  2D  solution  to  Laplace’s  equation  with  boundary 
conditions  suitable  fisr  infinite  boundaries.  It  also  provides  a  check  of  the  error  in  a  given  triangle, 
and  will  fiirther  subdivide  a  region  where  an  error  spedfication  is  not  met.  Thus,  one  ends  up 
with  a  bighpT  density  of  triangles  in  regions  vdiere  the  field  changes  most  rapidly. 

We  began  by  estimating  the  2D  cross  sections  that  could  support  the  wave  at  various 
points  along  the  unzipper.  After  adjusting  the  geometries  to  a  50  ft  impedance,  we  arrived  at  the 
five  geometries  shown  in  Figure  7.1.  In  addition  to  the  characteristic  impedance.  Maxwell  c^ 
calculate  the  magnitude  of  the  electric  field,  and  the  electric  potential,  and  these  are  shovra  in 
Figures  7.2  and  7.3.  These  plots  required  somewhere  between  230  and  500  triangles  to  achieve 
an  energy  error  of  <0.1%  and  a  residual  of  10^.  The  conclusion  one  can  draw  fi-om  the  graphs  is 
that  one  can  indeed  open  up  a  coaxial  line  without  enhancing  the  field  beyond  what  is  seen  in  the 
originai  coax. 

One  can  estimate  the  accuracy  of  the  technique  by  comparing  the  results  for  the  coaxial 
geometry  to  theory.  For  this  geometry  we  expect  to  calculate  50  Q  and  a  peak  electric  field  of 
550  kV/cm.  We  have  calculated  an  impedance  of  49.89  O  and  a  peak  field  of  559  kV/cm,  for  an 
error  of  0.3  %  and  3.5%,  respectively.  Note  that  the  impedance  is  more  accurate  than  the  peak 
field,  but  this  should  be  suflBcient  accuracy  for  our  purposes. 

One  can  conclude  from  these  calculations  that  the  highest  electric  field  in  oil  occurs  in  the 
coaxial  cable.  At  points  further  along  in  the  unzipper  structure  the  peak  field  decreases 
somewhat.  It  may  be  useful  later  to  provide  a  similar  analysis  for  -  1,  i.e.,  for  air  or  SFg. 
Nevertheless,  we  expect  the  same  trend  to  hold. 
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Figure  7.2.  -Magnitude  of  the  electric  field  at  various  points  along  the  unadpper.  (Scale  is  in  V/m.) 
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Figure  7,2.  (con’d) 
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Figure  7.3.  Voltage  map  at  various  points  along  the  unzipper.  (Scale  is  in  volts) 
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VUL  The  Effect  of  a  Tapered  Transmission-Line 

Many  balun  designs  may  require  a  taper  in  the  transmission  line  characteristic  impedance. 
The  output  impedance  of  high-voltage  sources  is  often  around  5  fl.  whereas  a  typical  antenna  has 
an  impedance  of  100-400  n.  Thus,  in  order  to  understand  baluns,  it  can  be  useful  to  understand 
sometMng  about  tapers  as  well. 

In  the  high-frequency  (early-time)  linut,  the  peak  voltage  scales  as  ,  where  is  the 
local  characteristic  impedance  of  the  line.  This  has  the  effect  of  maintaining  a  const^  ^ 

power.  Thus,  for  ewunple,  a  I  MV  agnal  at  10  Q  becomes  a  4.S  MV  signal  at  200  n.  This 

additional  voltage  must  be  considered  in  the  design. 

In  the  low-frequency  Gate-time)  limit,  one  has  very  different  behavior.  One  can  then  think 
in  terms  of  a  circuit  solution  instead  of  a  wave  solution  to  the  problem.  I^  for  example,  one  is 
radiating  using  a  TEM  horn,  then  the  antenna  and  balun  will  look  like  an  open  circuit.  To  avoid 
this,  one  may  want  some  resistors  near  the  end  of  the  TEM  horn  to  damp  out  reflections. 
However,  note  that  in  many  circumstances  it  is  just  the  early-time  behavior  that  is  of  concern. 

If  one  were  interested  in  providing  a  more  accurate  model  of  the  effect  of  the  tapered 
transmission  line,  which  would  include  the  effects  at  intermediate  frequencies,  one  would  consider 
one  of  two  methods.  First,  one  could  use  a  one-dimensional  finite-difference  time  domam  analysis 
to  model  the  transmission  through  a  line  of  varying  impedance.  Alternatively,  for  expoiientiaUy 
tapered  transmission  lines,  one  could  use  a  closed-form  analysis  such  as  that  provided  by 
N.  Younan  et  al  in  [14]. 


IX.  Conclusions 

We  have  summarized  here  much  of  the  design  criterion  that  is  necessary  to  design  coaidal 
unzipper  type  baluns  for  high  powers  and  fast  risetimes.  We  have  shown  why  it  is  advantageous 
to  perform  the  unzipping  at  low  impedances.  We  have  provided  dielectric  strength  date  for  most 
of  the  common  insulators  one  might  use.  A  rule  was  derived  for  predicting  the  risetime  of  this 
class  of  baluns.  Finally,  a  two-dimensional  finite  element  analysis  was  performed  at  various  pomts 
along  the  cross  section,  in  order  to  calculate  the  impedance  and  the  peak  electric  field. 

Ultimately,  the  goal  of  a  balun  is  to  provide  a  suitable  feed  for  an  Mtenna.  One  approach 
for  developing  a  suitable  antenna  for  output  of  an  unripper-type  briun  is  to  us  a  lens  Impulse 
Radiating  Antenna  (IRA).  Some  details  on  a  possible  design  are  prorided  in  [15] 


Acknowledgment 

We  wish  to  thank  Dr.  Carl  E.  Baum  for  many  helpful  discussions  on  this  subject. 


29 


References 

[1]  C.  E.  Baum,  Radiation  of  Impulse-Like  Transient  Fields,  Sensor  and  Simulation  Note  321, 
November  1989, 

[2]  C.  E.  Baum,  Multi-conductor-Transmission-Line  Model  of  Baiun  and  Inverter, 
Measurement  Note  42,  March  93 . 

[31  C.  E.  Baum,  Configurations  of  TEM  Feed  for  an  IRA,  Sensor  and  Simulation  Note  327, 
April  1991. 

[4]  E.  G.  Farr  and  C.  E.  Baum,  Considerations  for  Loading  a  Baiun  Uang  Ferrites  or  a 
Ferrite/Dielectric  Sandwich ,  to  appear  shortly  as  a  Measurement  Note. 

[5]  L.  Rinehart,  personal  communication. 

[61  R.  S.  Clark  et  al,  “An  Overview  of  Sandia  National  Laboratories  Plasma  Switched, 
Gigawatt,  Ultra-Wideband  Impulse  Transmitter  Program,  pp.  93-98  in  (H.  L.  Bertoni  et  al 
eds.),  Ultra-mdeband,  Short-Pulse Electromagnetics,'tiiewYo±,'B\^mVxes&,  1993. 

[7]  I.  Smith,  personal  communication. 

[8]  R.  J.  Adler,  Pulse  Power  Formulary,  North  Star  Research  Corp.  August  1989. 

[9]  T.  H.  Martin,  An  Empirical  Formula  for  Gas  Switch  Breakdown  Delay,  Proc.  of  the  Seventh 
TPFF.  Symposium  on  Pulsed  Power,  pp.  73-79, 1989. 

[10]  I.  Smith,  Breakdown  of  Uniform  Field  Pressurized  SF6  Spark  Gaps  as  a  Function  of  Charge 
Time,  Switching  Note  27,  June  1987. 

[11]  T.  H.  Martin,  personal  communication. 

[12]  C.  E.  Baum,  The  Conical  Transmission  Line  as  a  Wave  Launcher  and  Terminator  for  a 
Cylindrical  Transmission  Line,  Sensor  and  Simulation  Note  31,  January  1967. 


[13]  Rex  Schlicher,  personal  communication. 

[14]  N  H  Younan,  B.  L.  Cox,  C.  D.  Taylor,  and  W.  D.  Prather,  “An  exponentially  tapered 
transmission  line  antenna,”  IEEE  Trans.  Electromag.  Compat.  Vol  35,  No.  2,  May  1994, 
pp.  141-144,  and  Sensor  and  Simulation  Note  369. 

[15]  E.  G.  Farr,  Oflf-Boresight  Field  of  a  Lens  IRA,  Sensor  and  Simulation  Note  370,  October 
1994. 


30 


DISTRIBUTION  LIST 


AUL/LSE 

Bldg  1405  -  600  Chennault  Circle 

Maxwell  AFB,  AL  36112-6424  1  cy 

DTIC/OCP 

8725  John  J.  Kingman  Rd,  Suite  0944 
Ft  Belvoir,  VA  22060-6218  2  cys 

AFSAA/SAI 

1580  Air  Force  Pentagon 

Washington,  DC  20330-1580  1  cy 

PL/SUL 

Kirtland  AFB,  NM  871 17-5776  2  cys 

PL/HO 

Kirtland  AFB,  NM  871 17-5776  1  cy 

Farr  Research  3  cy 

614  Paseo  Del  Mar  NE, 

Albuquerque,  NM  87123 

Official  Record  Copy 

PLAVSQAVilliam  Prather  1  cy 


31 


32 


